prevalence. There was a significant negative association between salivary pH and caries prevalence, but this association was no longer significant after adjusting for age. There was no significant interaction between salivary flow rate and buffering capacity or between antibiotic use and the 3 salivary factors. Our results indicate that unstimulated salivary factors are not associated with dental caries prevalence in individuals with CF. Future studies should investigate other potential saliva-related caries risk factors in individuals with CF such as cariogenic bacteria levels, salivary host defense peptide levels, and medication use.
flow rates in individuals with CF compared to controls [Barbero and Chernick, 1958] , while other studies report decreased salivary flow rates [Wiesmann et al., 1972; Davies et al., 1990] , and a recent study showed no significant difference [Peker et al., 2014] . As with the salivary flow rates, the literature is inconsistent regarding salivary pH levels in individuals with CF [Chernick et al., 1961; Chauncey et al., 1962; Boat et al., 1974; Aps et al., 2002; Catalan et al., 2011; Peker et al., 2015] . A recent study found no significant differences in salivary buffering capacity levels between individuals with CF and controls [Peker et al., 2014] .
Many of the preceding studies are older and have less relevance today because CF medications and treatments have changed significantly in recent years [Chi, 2013] . The last large-scale oral health study on individuals with CF in the USA was published in 1980 [Primosch, 1980] . Newer knowledge based on up-to-date data is needed to help understand caries risk and guide the development of clinical protocols and interventions aimed at protecting the health and well-being of individuals with CF. To better understand how salivary characteristics are related to caries within a population of US individuals with CF, we tested 5 hypotheses:
• A higher unstimulated salivary flow rate is associated with lower caries prevalence • Elevated unstimulated salivary pH (i.e. more basic saliva) is associated with lower caries prevalence • Elevated unstimulated salivary buffering capacity is associated with lower caries prevalence • There is an interaction between the unstimulated salivary flow rate and buffering capacity • There are interactions between the 3 salivary factors and antibiotic use
Materials and Methods

Study Design and Participants
This was a cross-sectional study consisting of a convenience sample of participants with CF aged 6-20 years. We recruited individuals presenting for outpatient or inpatient medical care at Seattle Children's Hospital Cystic Fibrosis Clinic from March 2014 to December 2015. The recruitment goal was to enroll as many eligible participants as possible during this period. We approached 88 eligible individuals with CF and enrolled 83 participants. Individuals who did not participate had other medical appointments or studies to attend. Written informed consent was obtained from the parent or caregiver of child participants or directly from adult participants. The study was approved by the Seattle Children's Hospital Institutional Review Board (study No. 14894).
Saliva Collection, Processing, and Measures
Unstimulated whole saliva samples were collected using a previously published protocol used to successfully collect saliva samples from children with special health care needs as young as 6 years of age [Lundgren et al., 1996; Devic et al., 2014] . Immediately prior to saliva collection, participants were asked to swallow the saliva present in the mouth. Participants were then asked to expectorate into a sterile 50-ml tube once per minute for 15 min. After collection, saliva samples were placed on ice and transported to the University of Washington for immediate processing and analysis.
For salivary flow measurements, saliva samples were weighed on a top-pan balance to determine the amount of saliva collected. Salivary flow rate was calculated for each sample in grams per minute (equivalent to milliliters per minute) [Dawes, 2008] .
For salivary pH assessment, samples were centrifuged for 2 min at 10,000 g to remove cell debris. Resting salivary pH was determined with 1 ml of saliva using a laboratory pH meter (Orion 320; Thermo Electron Corporation), accurate to 0.02 pH units in aqueous buffers. pH was measured at room temperature (about 20 ° C), which is consistent with the Ericsson method and previously published protocols [Ericsson, 1959; Kitasako et al., 2008] . To control for the effects of ambient temperature on pH measurements, the pH meter was calibrated at room temperature.
Buffering capacity was determined based on methods developed by Ericsson [1959] . Saliva (either 0.5 or 1 ml, depending on the amount available) was mixed with 5 m M HCl (1.5 or 3 ml, respectively) in a 10-ml polypropylene tube and mixed vigorously. Buffering capacity was measured after a 10-min incubation period. Samples were categorized based on the final pH [Ericsson, 1959] 
Outcome Measure
The outcome measure was dental caries prevalence (or total caries experience). Dental examinations were completed after saliva collection by trained and calibrated pediatric dentists or a dental hygienist. The intrarater reliability of the examiners was good (kappa coefficient = 0.97). Participants were asked to sit in a reclining chair in a private medical examination room. A head lamp was used to provide additional lighting and maximize the visualization of the teeth. Caries prevalence was measured by visual inspection of the teeth after brushing all tooth surfaces with a dry toothbrush. Each primary and permanent tooth surface was classified as decayed, filled, or missing using adapted NIDCR Early Childhood Caries Collaborative Centers Criteria [Warren et al., 2009] , which are based on the WHO criteria. We defined caries prevalence in 3 ways: total number of decayed, filled, and missing primary and permanent tooth surfaces (dmfs + DMFS), total number of decayed, filled, and missing surfaces plus the presence of non cavitated white spot lesions (dmfsw + DMFSW), and dmfsw + DMFSW as a proportion of the total number of tooth surfaces present in the mouth.
Additional Study Variables
Four additional study variables were collected via a written survey instrument. Age, modeled as a continuous variable, was conceptualized as a potential confounder based on previous
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Caries Res 2017;51:1-6 DOI: 10.1159/000450658 3 work indicating significant associations with salivary factors and caries [Nassar et al., 2014; Dye et al., 2007] . We collected data on sex (male or female), public health insurance (no or yes), and whether participants had used any antibiotics within the previous 2 months (no or yes). Antibiotic use was modeled as a potential effect modifier of the 3 salivary factors. A fifth variable, oral hygiene status, was collected prior to the dental examination. To assess oral hygiene status, we used the Plaque Index System developed by Löe [1967] based on the amount of plaque that could be removed from tooth surfaces with a periodontal probe. Oral hygiene was classified as good if there was no plaque present or the amount of plaque removed with the probe was minimal, fair if the amount of plaque removed was moderate, or poor if there was an abundance of plaque.
Data Analyses
Univariate statistics were generated to describe the study population. Spearman's rank correlation coefficient was used to assess the bivariate associations between (1) the 3 salivary factors (flow rate, pH, and buffering capacity), (2) age and the 3 salivary factors, (3) the 3 saliva factors and dental caries prevalence, and (4) age and dental caries prevalence [Dye et al., 2007; Nassar et al., 2014] . The t test was used to assess the relationships between antibiotic use and (1) the 3 salivary factors and (2) dental caries. We used twosided tests (α = 0.05).
Multiple variable linear regression models were used to test for associations between salivary factors that were significantly associated with caries in the bivariate analyses, adjusting for any confounders, and to test for the interactions between (1) salivary flow rate and buffering capacity and (2) the 3 salivary factors and antibiotic use. For all regression models, salivary measures and caries prevalence were transformed using the square root to normalize the distribution. Because there were no differences in results based on the 3 definitions of caries prevalence, all findings were reported using the dmfs + DMFS definition. All analyses were completed using the Statistical Package for Social Sciences 18.0 for Windows.
Results
Descriptive Statistics
The mean age of the study participants was 11.9 years (standard deviation, SD: 4.0 years; median age: 11.0 years). Most participants were female (54.3%). About 1 in 3 were publicly insured. In terms of oral hygiene status, 25.3% had good hygiene, 31.3% had fair hygiene, 26.5% had poor hygiene, and 16.9% had missing hygiene data. Sixty-five percent of study participants reported using antibiotics.
Five participants, aged 8-13, were unable to provide the minimum volume required for salivary analyses (0.5 ml) and were excluded from the salivary analyses. The mean (±SD) salivary flow rate was 0.28 ± 0.22 ml/min. The mean salivary pH was 7.14 ± 0.48. The mean salivary buffering capacity was 4.26 ± 0.86. Of the study population, 26% had high salivary buffering capacity (final pH >4.75), 26% had medium buffering (final pH = 4.25-4.75), and 48.1% had low buffering capacity (final pH <4.25). The mean caries prevalence (dmfs + DMFS) was 2.60 ± 4.35, with a range of 0-21 tooth surfaces affected by caries. Table 1 presents the associations between study variables. There was a significant positive association between salivary pH and flow rate (r = 0.23), and between salivary pH and buffering capacity (r = 0.40). There was a positive association between salivary flow rate and buffering capacity (r = 0.06), but the association was not statistically significant. Age was significantly associated with Dental caries prevalence = Total number of decayed, missing, or filled primary and permanent tooth surfaces (dmfs + DMFS).
Bivariate Associations
a The significance of Spearman's rank correlation coefficient is reported using the following convention: * p < 0.05, ** p < 0.01. b Indicates means. None of the relationships between antibiotic use and variables were statistically significant from the t test.
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There was a significant negative association between salivary pH and caries prevalence (r = -0.25). There was no significant association between flow rate and caries prevalence or between buffering capacity and caries prevalence. Age was significantly and positively associated with caries (r = 0.35). Antibiotic use was not significantly associated with any of the 3 salivary factors or with dental caries.
Based on the bivariate analyses, only salivary pH was significantly associated with caries, and age confounded this relationship. The linear regression model indicated no association between salivary pH and dental caries prevalence after adjusting for age (β = -0.015; 95% CI = -3.72 to 3.32; p = 0.91). In subgroup analyses, the association between salivary pH and caries prevalence failed to reach statistical significance when evaluated separately for children aged 6-11 years (p = 0.91), adolescents aged 12-17 years (p = 0.24), or adults aged 18-20 years (p = 0.38).
There was no significant interaction between salivary buffering capacity and flow rate (β interaction = -0.70; 95% CI = -1.78 to 0.99; p = 0.56), nor were there significant interactions present between antibiotic use and salivary flow (p = 0.10), pH (p = 0.61), or buffering capacity (p = 0.90).
Discussion
This is the largest US clinical oral health study published since 1980 on caries in individuals with CF. We focused on 3 unstimulated salivary measures -salivary flow, pH, and buffering capacity. Our data indicate that none of these salivary factors were significantly associated with dental caries in a population of individuals with CF aged 6-20 years. In addition, there was no significant interaction between salivary flow rate and buffering capacity, nor were there significant interactions between antibiotic use and the 3 salivary factors.
That unstimulated salivary flow rate was not associated with caries prevalence is consistent with practicebased findings for US children aged 9-17 years [CunhaCruz et al., 2013] and with findings in healthy children aged 7-15 years in India [Pandey et al., 2015] . In the present study, the mean ± SD unstimulated salivary flow rate for children aged 6-12 years was 0.30 ± 0.25 ml/min, which is less than the mean unstimulated salivary flow rate of 0.53 ± 0.30 ml/min found in Turkish children with CF aged 3-12 years [Peker et al., 2015] . A potential explanation is based on previous work indicating that caries protection is associated with stimulated saliva, rather than unstimulated saliva, because stimulated saliva contains higher mineral content and leads to greater buffering capacity and salivary clearance [Edgar et al., 1994; Lagerlof and Oliveby, 1994] . This suggests that the specific attributes of saliva are more important than saliva quantity in caries prevention. Future research should verify whether flow rates in our study are typical for individuals with CF and examine the relationship between stimulated salivary flow rate and caries in individuals with CF.
We also found that unstimulated salivary pH was not associated with dental caries prevalence after adjusting for age. This is consistent with findings from one pediatric study [Singh et al., 2015] , but inconsistent with 2 other studies focusing on children [Cunha-Cruz et al., 2013; Pandey et al., 2015] . One reason for the discrepancy regarding salivary pH and caries prevalence is that studies typically measure pH once, which does not capture the dynamic relationship between pH and demineralization. Study protocols involving salivary pH collection need to be standardized to ensure comparability across studies. Even with nonstandardized protocols, however, in the present study, the mean unstimulated salivary pH for adolescents aged 11-15 years was 7.14 ± 0.42, which is similar to the mean pH for Turkish children with CF aged 11-15 years (7.55 ± 0.61) [Peker et al., 2015] . Another observation in the present study is that salivary pH became increasingly acidic with older age, which is consistent with previous findings for non-CF populations [Cunha-Cruz et al., 2013; Pandey et al., 2015] . The reason for potential age-related changes in salivary pH for individuals with CF is unknown. Biological or behavioral mechanisms could explain these age-related changes during childhood and adolescence. Future work should examine the longitudinal relationship between pH and caries and examine reasons why unstimulated salivary pH appears to become more acidic with age.
In addition, unstimulated salivary buffering capacity was not associated with caries in our study. The association between salivary buffering capacity and dental caries is inconsistent based on previous studies. One publication reported a weak negative association between unstimulated salivary buffering capacity and caries in healthy children aged 7-14 years [Prabhakar et al., 2009] , whereas another study reported a positive association between stimulated salivary buffering capacity and caries in children aged 9-17 years [Cunha-Cruz et al., 2013] . There are 2 possible explanations for these inconsistencies. The
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Caries Res 2017;51:1-6 DOI: 10.1159/000450658 5 first is the different types of saliva to measure buffering capacity (stimulated vs. unstimulated). The second is the method used to measure buffering capacity. Some studies, including our analyses, used the Ericsson method and pH meters [Prabhakar et al., 2009] , which is considered the gold standard because of its objectivity, whereas other studies use pH colorimetric strips [Cunha-Cruz et al., 2013] that may introduce bias because of rater subjectivity. Future research should adopt gold standard laboratory methods in measuring buffering capacity and interpret findings carefully based on the type of saliva collected for the study.
Finally, we found that the association between salivary buffering capacity and caries was not moderated by flow rate. To date, no studies have examined this interaction, despite evidence that both salivary factors are important in caries initiation and progression [Leone and Oppenheim, 2001] . Given the complexity of salivary factors, future research involving larger study populations should continue to examine how various salivary factors interact in the caries process. In addition, there were no significant interactions between antibiotic use and the 3 salivary factors. One limitation of a binary antibiotic measure is that it does not capture the specific type, dose, or frequency of antibiotic use that might be important correlates of salivary characteristics and caries. For instance, mutans streptococci, the main bacteria implicated in dental caries, are Gram-positive and would be expected to be targeted by antibiotics like penicillin. Future analyses should examine the specific types, dose, and frequency of antibiotics associated with CF therapies that could protect against caries.
In terms of external generalizability of study findings, there are no direct studies focusing on individuals with CF to which an assessment can be made. However, our observed caries rates are consistent with conclusions from a recent systematic review, which reported that children with CF have lower caries rates than children without CF whereas adolescents have higher caries rates than adolescents without CF [Chi, 2013] . In the present study, the mean of decayed and filled surfaces of primary teeth (dfs) for children with CF aged 6-11 was 0.69, which was lower than the US dfs mean of 3.6 for children aged 2-11 years [Dye et al., 2007] . In our study, the mean of decayed, filled, and missing surfaces of permanent teeth (DMFS) for adolescents with CF aged 12-19 was 3.60, which is higher than the US DMFS mean of 1.03 for adolescents aged 12-19 years [Dye et al., 2007] . Furthermore, 92.8% of our study participants were white, which is slightly higher but consistent with the US CF prevalence rate of 85% [Cystic Fibrosis Foundation, 2016] . These indirect comparisons suggest that our study findings are likely to be generalizable to US individuals with CF aged 6-20 years, but additional multicenter studies would help to improve generalizability for future investigations.
This study had several limitations. First, the study population was recruited from a single center. Future studies should investigate saliva parameters as caries risk factors from multiple sites. Second, all participants were medical care utilizers. As such, the study was likely to have been biased toward healthier individuals with CF and cannot be generalized to nonutilizers of medical care. Future research should seek to identify and recruit individuals with CF who may be less connected to the medical care system, although we acknowledge that recruiting nonutilizers can be a challenge. Third, 55.4% of the study population had private insurance, which may further bias our study population toward higher-income individuals with lower caries rates. However, based on data from the Cystic Fibrosis Foundation Registry, this rate is consistent with private insurance rates from the broader US CF population [Cystic Fibrosis Foundation, 2016] . Future studies should make concerted efforts to enroll low-income individuals with CF. Fourth, our model was incomplete, and the study was cross-sectional. Future studies should further investigate additional salivary factors like oral bacteria levels and expression levels of host defense peptides as well as factors that may affect salivary expression and quality like the use of medications, including specific antibiotics. In addition, it is possible that variation in CF genotype mutations could further explain differences in salivary characteristics within a population of individuals with CF [Aps et al., 2002] and should be examined in future research. This limitation highlights the need to conduct longitudinal studies to examine how changes in salivary factors influence caries rates over time.
In conclusion, we found that unstimulated salivary flow rate, pH, and buffering capacity were not associated with caries in our population of individuals with CF recruited from a children's hospital CF clinic. There is a need for larger, multicenter, longitudinal studies to better understand how salivary and other social, behavioral factors, medical, and biological factors influence caries initiation and progression in individuals with CF. These data can then be used to update dental treatment protocols for patients with CF and develop interventions aimed at protecting the oral and systemic health of these medically vulnerable individuals.
